Introduction: We quantified the effects of the site factors pH and nitrate (NO 3 ) concentration in soil solution and groundwater level on the vegetation of terrestrial ecosystems for the Netherlands in response to changes in atmospheric nitrogen (N) and sulphur (S) deposition and groundwater level over the period 1990-2030. The assessment was made with the SMART2 model, a simple one-layer model including geochemical buffer processes, element cycling by litterfall, mineralisation and uptake, nitrogen transformation processes and element input through deposition, weathering and upward seepage. Methods: To assess the effects of changes in abiotic site factors on the vegetation, we developed a simple plant diversity indicator for grassland, heathland and forest, based on the occurrence of target plant species and competing species. Species occurrence was calculated from the preferred ranges of each species for the NO 3 concentration and pH in soil solution and mean spring groundwater level. Changes in the plant diversity indicator were assessed from effects of changes in the occurrence of target and competing plant species in response to changes in mean spring groundwater level and in pH and NO 3 concentration, as calculated with SMART2. Calculations were made for combinations of five vegetation structure types (three forest types, semi-natural grassland and heathland) and seven soil types (three sandy soils, two clay soils, peat and loess soils) using a 250 × 250 m grid. We used data for atmospheric deposition and groundwater level in the past to assess trends between 1990 and 2010 and evaluated two future scenarios for the period 2010-2030: a Business as Usual and an Improved Environment scenario.
Introduction
Changes in plant species composition are often caused by changes in site factors, such as pH and nitrogen inputs. There is ample evidence that increasing nitrogen (N) availability causes overall declines in plant species diversity (cf. Stevens et al. 2011; Bobbink et al. 2010; Bobbink et al. 2015) . Abiotic site factors are affected by changes in atmospheric deposition of sulphur (S) and N compounds (Galloway 1995) , groundwater level changes (Van Wirdum 1991; Van Diggelen et al. 1996) , changes in management and land use (Bakker 1989; Uuttera et al. 1996) and internal processes such as accumulation of organic matter and vegetation succession (Van Andel et al. 1993; Olff et al. 1997) . Changes in abiotic site factors may affect the structure and functioning of semi-natural ecosystems such as grassland and heathland communities and thus the biodiversity (cf. Bobbink and Heil 1993; Tilman 1993; Stevens et al. 2004) . N deposition has been affecting N availability for plants, soil pH, nutrient availability, plant growth and distribution (cf. Dale et al. 2001; Pärtel 2002; Smart et al. 2005; Theurillat and Guisan 2001; Wamelink et al. 2005) . According to Sala et al. (2000) and Xiankai et al. (2008) , N deposition is the third most important driver of biodiversity loss after land use change and climate change and the most important driver for northern temperate forests. Often, ecosystems are affected by various threats simultaneously (multiple stress effect); whereas, environmental effects on ecosystems are usually studied for one stress factor at a time.
Two types of effects of enhanced atmospheric deposition of N and S can be distinguished: (i) (soil) acidification, leading to enhanced leaching of base cations, and increased dissolution of potentially toxic aluminium (Al) (cf. Van Breemen et al. 1982; De Vries et al. 1995) , and (ii) eutrophication due to N enrichment causing an enhanced growth of nitrophilous species outcompeting other species. Increasing N availability and/or nitrate (NO 3 ) concentration often causes an overall decline in plant species diversity (Tilman 1987; Bobbink et al. 1998; Stevens et al. 2004; Aerts et al. 2003) even at longterm low N inputs (Clark and Tilman 2008) . In some cases, especially under very nutrient-poor conditions, however, an increase in plant species diversity has been observed due to the expansion of nitrophilous species (Emmett 2007) . Research on pine and spruce forests indicated that increased nitrogen inputs cause high concentrations of ammonium (NH 4 ) and NO 3 in the soil solution (Roelofs et al. 1985; Kleijn et al. 1989) , associated with a shift towards nitrophilous grass species in the forest understory (Hommel et al. 1990) . pH decrease may also affect the plant species diversity in both short vegetation and forests. In general, acidophilic and eutrophic species increase at the cost of more sensitive species (Bobbink et al. 1996; Bobbink et al. 2015) . Generally, the plant species that contribute most to biodiversity tend to grow on soils with a relative high pH, low N content and low aluminium (Al) to calcium (Ca) ratio (Bobbink et al. 1998; Bobbink et al. 2015) .
In the Netherlands, many valuable vegetation types depend on shallow groundwater levels. In former times, the species belonging to these vegetation types have suffered severely from lowering of the groundwater level by intensive drainage and groundwater abstraction (Van Amstel et al. 1989; Runhaar et al. 1999 ). In addition, Hendriks (1994) showed that 29% of the Dutch forests suffer from drought. Decreased upward seepage also adversely affected species diversity in many wetland ecosystems (Van Wirdum 1991; Runhaar 1999) .
To evaluate the effects of eutrophication, acidification and drought on species diversity, several dynamic multispecies models in combination with dynamic soil vegetation have been developed that are presently explored in Europe . One of those models is soil acidification model SMART ) that has been further developed to a soil acidification and nutrient cycling model, SMART2, predicting changes in soil and soil solution chemistry, as described in this paper. We validated the results of SMART2 by comparing modelled soil solution chemistry based on a national scale application with observations in a country-wide inventory near 1990 in the Netherlands. Furthermore, we predicted national scale changes in both soil solution chemistry and related plant species diversity using field-based empirical relationships of plant species composition as a function of pH, NO 3 concentration and groundwater level. The predictions were made for various scenarios with expected changes in atmospheric N and S deposition and groundwater level to assess the effectiveness of the combination of deposition reductions with water conservation measures.
Methods
The overall methodology (see Fig. 1 ) consisted of a linkage of the process-oriented soil vegetation model SMART2 (see "The SMART2 model" section) with a statistical based plant diversity indicator approach (see "The plant diversity indicator" section), using a nationwide parameterisation (see "Parameterisation and validation data" section) to assess the impact of two deposition and two hydrology scenarios (see "Deposition and hydrology scenarios" section) on plant species diversity.
The SMART2 model SMART2 is a single-layer soil acidification and nutrient cycling model. It includes the major hydrological ) concentrations in the soil solution. In addition, it simulates changes in solid phase characteristics connected to the acidification status, i.e. carbonate content, base saturation and amorphous Al precipitates. The SMART2 model consists of a set of mass balance equations, describing the soil input-output relationships, and a set of equations describing the rate-limited and equilibrium soil processes. SMART2 is an extension of the SMART model . SMART2 is a one-layer model including geochemical buffer processes such as weathering, cation exchange and sulphate adsorption, nutrient cycling, including litterfall, mineralisation and uptake and a simple water balance, including runoff, upward and downward solute fluxes. Figure 2 gives a schematic representation of the SMART2 model and the included processes are summarised in Table 1 . Details on the process descriptions, including the various input and interaction fluxes, are given in the Additional file 1, with an explanation of the symbols used in Additional file 1: Table S1. SMART2 was constructed using a process-aggregated approach to minimise input data requirements for applications at a national scale. Therefore, various ecosystem processes have been limited to a few key processes represented by simplified conceptualisations. The soil solution chemistry in SMART2 depends solely on the net element input from the atmosphere (deposition), groundwater (upward seepage), nutrient cycling processes (uptake, litterfall, mineralisation and immobilisation) and the geochemical interaction in the soil ((de) . Soil interactions are either described by simple ratelimited reactions (e.g. uptake and silicate weathering) or by equilibrium reactions (e.g. carbonate and Al hydroxide weathering and cation exchange). Influence of environmental factors such as pH on rate-limited reactions and rate limitation of weathering and exchange reactions are ignored. Solute transport is described by assuming complete mixing of the element input within one homogeneous soil compartment with a constant density and a fixed depth (representing the root zone). Because SMART2 is a single-layer soil model representing the root zone and neglecting vertical heterogeneity, it predicts soil solution concentrations of soil water leaving the root zone. The annual water flux percolating from this layer is taken equal to the sum of annual precipitation and upward seepage minus evapotranspiration. All water balance fluxes must be specified as a model inputs. The time step of the model is 1 year, so seasonal variations are not considered.
The plant diversity indicator
To evaluate the changes in soil biochemistry on plant species diversity, we developed a simple plant diversity indicator, based on the potential occurrence of plant species in. We examined four vegetation structure types (heathland, semi-natural grassland and deciduous forest), for which a list of target species and competing species were defined. The percentage of target species and the ratio of target species to competing species were used as indicator, with higher values being preferred. There are, however, other comparable models available describing the occurrence of plant species such as VEG (Belyazid 2006) and PROPS (Reinds et al. 2015 ). The later model uses the same principles and data as used in our plant diversity indicator, but it calculates the occurrence probability of plant species rather than a binary result on occurrence.
The potential presence of the selected species was based on the species preferences for soil pH, NO 3 concentration in the soil and the mean spring groundwater level (MSW) in the soil. For pH, the measured pH-H 2 O Implicitly, H + is affected by all processes. This is accounted for by the charge balance and for NO 3 , the measured NO 3 content in 0.01 M CaCl 2 extraction was used. The preferences of the species were adapted from Wamelink et al. (2005 Wamelink et al. ( , 2011 . They calculated the ecological ranges for Dutch species based on soil measurements and groundwater level data . The abiotic data were combined with the present species and per species indicator values were calculated . The indicator values per species were used to estimate soil parameters of a training set of over 160,000 vegetation plots with unknown abiotic soil parameters. Subsequently, the range per species per abiotic parameter was calculated based on a (spline) response function, with using the 5 and 95 percentiles as limits of the response curve (for more details, see Wamelink et al. 2011 ).
For each vegetation structure type, a list of target species and competing species was defined, based on the Dutch habitat types as defined for the Natura 2000 sites (EZ 2012) . The target species list contains the typical species of the habitat types. This list was completed with red list species (Bilz et al. 2011) . The occurrence of red list species in the corresponding habitat was based on inventories of the habitat types from plots present in the Dutch vegetation database (Hennekens and Schaminée 2001) . The competing species list, also based on the plots present in the database, including exotic species and species that are known to increase and outcompete other species under the influence of N deposition, such as Deschempsia flexuosa in heathland or Juncus effusus in grassland. The lists per habitat type were merged to the three vegetation structure classes modelled here, grassland, heathland and deciduous forest. This resulted in 122, 45 and 22 target species and 15, 27 and 23 competing species for grassland, heathland and forest respectively (see Additional file 1: Table S2 ). Thus, derived overall ranges are given in Table 2 .
The abiotic soil conditions per site were simulated by SMART2. Output of SMART2 and the MSW from the hydrological scenarios were used as input to count how many target species and competing species could occur based on their ranges. When simulated pH, NO 3 concentration and MSW were all three within the ecological range of a species, that species was scored as expected to be present at the examined site. Per site, the number of target species, competing species and the ratio target species to competing species were totalized and then averaged for all examined sites per vegetation structure type.
Since SMART2 calculates the NO 3 concentration and the pH in the soil solution, results were first transformed towards the nitrate content (in mg kg −1 ) and the pH-H 2 O (see Additional file 1).
Parameterisation and validation data
Data needed to apply SMART2 at a national scale, include system inputs (driving variables), the initial state of model variables and model parameters. System inputs refer to a specific deposition scenario and hydrology scenario for each grid cell. Model variables and parameters refer to particular combinations of soil types and vegetation structure types occurring in the Netherlands. We distinguished the following: National soil and vegetation maps were generalised and scaled to a 250 × 250 m grid. Hydrological data, i.e. mean spring water level and upward water seepage fluxes, were derived from the national groundwater model (LGM, Pastoors 1993) , with a resolution of 250 × 250 m. Deposition data were based on calculations for the past, based on emission inventories, deposition modelling and monitoring, and predictions for the future, performed by RIVM at a 5 × 5 km grid (see "Deposition and hydrology scenarios" section).
Spatial distribution of soil vegetation combinations
We considered seven soil types, which were derived from the 1:50,000 soil map of the Netherlands (De Vries et al. 2003) , i.e. poor sandy soils (SP), rich sandy soil (SR), calcareous sandy soils (SC), non-calcareous clay soils (CN), calcareous clay soils (CC), peat soils (PN) and loess soils (LN). Soil-type classification was based on soil chemical criteria: parent material, presence of calcite, base saturation and texture (Additional file 1: Table S4 ).
We attributed the vegetation structures to five classes of vegetation structure types (Additional file 1: Table S5 ), i.e. deciduous forest (DEC), pine forest (PIN), spruce forest (SPR), heathland (HEA) and semi-natural grassland (GRP), based on difference in canopy characteristics, litter production, growth and vegetation management. The derivation of the areal distribution of the vegetation structure types over the soil types is described in the Additional file 1 and the results of the distributions are given in Additional file 1: Table S6 .
Data related to vegetation structure type and soil types
In the model we distinguish data related to vegetation structure type (Additional file 1: Table S7 ), soil type (Additional file 1: Table S8 ) and soil-type vegetation structure-type combinations (Additional file 1: Table S9 ). These data were based on both literature data and monitoring data that are extensively described in the Additional file 1.
Validation data
To gain insight into the reliability of the SMART2 model predictions, we compared the modelled soil solution chemistry for forest with soil solution measurements in forest soils. Validation data were based on measured soil solution concentrations from 250 forested stands throughout the Netherlands as mentioned above. Where for acid sandy soils, measurements from 150 forest stands were used, sampled once during the period March to May in 1990 (De Vries et al. 1995 . For clay, loess and peat soils, measurements from 100 forest stands were used, which were sampled once during the period March to May in 1994 (Klap et al. 1999) .
It is important to realise that there exists some crucial differences between the modelled and observed samples (see also : (i) the number of the observed soil vegetation combinations differed from those that were simulated, (ii) the soil depth of the observations was always 60-100 cm, whereas the soil depth used for the simulations varied from 50 to 100 cm, depending on the soil/forest-type combination and (iii) SMART2 simulated flux weighted annual mean concentrations for the year 1990, whereas the field data were single observations in early spring either collected in 1990 or in 1994.
Deposition and hydrology scenarios
The temporal trends of chemical soil parameters predicted by SMART2 are driven by scenarios for atmospheric deposition and hydrology, which were based on a historical reconstruction for the past period 1990-2010, and projections for the period 2010-2030. Trends in atmospheric deposition fluxes of NH x , NO x and SO x were based on observed trends for the past and constructed scenarios for the future (Table 3) , while the deposition of base cations and Cl was kept constant during the simulation period . The hydrology scenarios were related to the changes in the MSW. The historical reconstruction was based Table S10, Table S11 and Figure S2 .
Results
We present a national scale validation of SMART2 outputs, and results of the scenario analysis of both SMART2 results on pH and NO 3 concentration and the related results of the plant diversity indicator.
Validation of SMART2 on soil solution chemistry
A comparison of modelled soil solution pH, NH 4 and NO 3 concentrations for forests (PIN, SPR, DEC) with soil solution measurements at 60-100-cm depth for the various soil types are presented by comparing their median values (Table 5) as well as by box plots indicating the spread (Fig. 4) . Additional validation results on Al concentrations are given in Additional file 1: Table S13 . The agreement between the observed and simulated median pH was generally good for sandy soils, but the model tended to underestimate the pH for loess and clay soils. Alternatively, the agreement for NH 4 and NO 3 was relatively poor (deviations larger than 50%). NH 4 concentrations were strongly underestimated in peat soils and to a lesser extent for sandy soils while NH 4 concentrations were overestimated for clay soils. Only for loess soils, the NH 4 concentrations corresponded rather well. Except for loess soils, median NO 3 concentrations were overestimated, especially in poor sandy soils and clay soils. Only in rich sandy soils, the comparability was good.
Furthermore, the spread of the observed soil solution concentrations was much larger than the spread in modelled concentrations (Fig. 4) , especially for the pH and the NH 4 concentration.
Scenario analysis with the combined SMART2-plant diversity indicator model Impacts of deposition and hydrology scenarios on abiotic site factors Effects of vegetation structure types and soil types on median pH, nitrate concentration and their changes in time Changes in median soil pH and NO 3 concentration in response to the various scenarios under different vegetation structure types are summarised in Table 6 . Vegetation structure types influence the soil chemistry by differences in nutrient cycle, filtering of dry deposition and transpiration. We started this section with the results of the II scenario (improved environment and improved hydrology) results for 1990 and 2010. A comparison of the results of the different scenarios for 2030 is discussed at the end of this section.
Reduced atmospheric deposition and increased groundwater level caused an increase in soil pH and a decrease in NO 3 concentration. The pH increased by 0.1-0.2 unit between 1990 and 2030 in response to the II scenario. The differences in the median between the vegetation structure types in 1990 were small (±0.1 pH). Grassland soils and deciduous forest showed the largest pH values throughout the simulation period. This is partly because a relatively large part of grassland and deciduous forest is located on calcareous sandy soils or clay soils (see Additional file 1: Table S6 ) and on soils with a higher groundwater level (i.e. wetter circumstances). The differences in median NO 3 concentration between the vegetation structure types in 1990 were larger than the differences in pH, which is mainly due to differences in filtering of dry deposition and transpiration. The highest NO 3 concentrations were found for spruce, having the highest filtering of dry deposition and transpiration.
The most notable changes were found for NO 3 concentration. For all vegetation structure types, the median NO 3 concentration was lower in 2010 (−38%) and 2030 (II) (−45%) than in 1990. Between 1990 and 2030, the strongest decrease in NO 3 concentration was found for forests, ranging from 44% (for pine forest) to 48% (for deciduous forest). For heathland, the decrease was slightly lower, 42%, whereas the lowest decrease was found for grassland, 24%. For pH, the changes were smaller. The highest changes (increase) was found for grassland (0.21 pH increase in 2030 (II) compared to 1990). For forest, the median pH increased with 0.08 unit whereas the lowest increase was found for heathland (0.03 pH unit). Soil type influences the soil chemistry by differences in weathering rates and cation exchange capacity. The effect of soil type was much more pronounced than the effect of vegetation. Of course, a clear distinction exists between calcareous and non-calcareous soils. Calcareous soils have a high pH due to the presence of calcite. There was no effect of the combined scenario on the pH of calcareous soils. Due to the carbonate equilibrium, this was kept at a pH near 6.7, irrespective of deposition level and seepage input. The non-calcareous clay soils also had a rather high pH, near 5.7, due to high weathering rates. All other non-calcareous soils, i.e. sand, loess and peat soils, had a pH near 4, indicating that these soil are strongly acidified, with poor sandy soils and peat soils being most acid. Deposition reductions and increase in groundwater level caused an increase in pH for all soil types.
The lowest NO 3 concentrations were found in calcareous soils and in peat soils. The low NO 3 concentrations in calcareous soils were related to relatively low atmospheric inputs of N, since they are mainly generally located along the coast line in the western part of the country (see Fig. 6 ) with relatively low N deposition (see Fig. 3 ). The low NO 3 concentrations in calcareous soils were due to high denitrification rates, caused by wet circumstances. The highest NO 3 concentrations were found in poor sandy soils (0.82 mol c m −3 in 1990), being related to a combination of relatively low denitrification rates (generally dry soils) and high atmospheric inputs of N, as they are generally located in areas with high intensive animal husbandry with high ammonia emissions (Kros et al. 2004) .
The impact of deposition reductions alone, i.e. 13% reduction in total N deposition, NH 3 + NO x (see Table 3 ), had hardly any effect on the median pH and only a slight effect on the NO 3 concentration in 2030 (compare IB with BB in Tables 6 and 7 ). The median NO 3 concentration for all sites decreased by 11% (from 0.47 to 0.42 mol c m -3 ) with the highest decrease for heathland (15%) and the lowest for spruce forest (6%) ( Table 7) . Per soil type, the highest reductions were found for loess soils (30%) followed by sandy soils (about 10%). The very limited changes in abiotic factors are due to the low deposition reductions for the IE scenario in 2030 (especially compared to the changes in the period 2000-2010, see Table 3 ).
An increase in groundwater level (compare BI with BB in Tables 6 and 7) did not result in a change in mean pH in forests but caused a slight change in grasslands. The effect on the mean NO 3 concentration was larger, a reduction from 0.47 mol c m −3 (BB) to 0.42 mol c m −3 (BI) (11%). Per vegetation structure type (Table 6 ), the highest additional decreases in mean NO 3 concentrations, due to increase groundwater level (BI) on top of deposition reductions (IB), were found for grassland (22%), deciduous (15%) and spruce (8%). Per soil type (Table 7) , the highest reductions in mean NO 3 concentrations were found for peat soils (38%) followed by calcareous soils (both sand, 20%, and clay, 27%). Reductions for non-calcareous sandy and clay soils were clearly lower. This was due relatively high denitrification rates (see Additional file 1 Eq. (63)), for peat soil (due to wet circumstances) and calcareous soils (due to high pH, see Additional file 1 Eq. (64)), resulting in a stronger increase in denitrification at increasing groundwater levels than for mineral soils (lower groundwater levels) and non-calcareous soils (lower pH), respectively.
Geographical distribution of pH and nitrate concentration Maps with the median pH and NO 3 concentration per 1 × 1 km cell for all vegetation structure types in the year 1990 and 2030 for the II scenario are presented in Figs. 5 and 6. The spatial distribution in pH reflects the distribution in soil types. Calcareous sandy soils and clay soils along the coast line and clay soils along the rivers are well buffered at relatively high pH values. Non-calcareous sandy soils in the central and southern part of the country have a lower buffer capacity, resulting in a lower pH. Deposition reductions and increased groundwater levels resulted in an increase in pH values, especially for the soils with a relatively low pH (<4). These locations generally correspond with the poor sandy soils (Fig. 5) .
The spatial distribution in NO 3 concentration reflects the distribution in vegetation structure type and N deposition. High concentrations were predicted in the central and southern part of the country, with a relatively large share of spruce forest and high N deposition (see Fig. 3 ), and low concentrations were predicted in the northern part of the country, a The first character refers to the deposition scenario and the second character refers to the hydrology scenario, e.g. IB refers to IE deposition scenario and to the BU hydrology scenario especially for grasslands along the coast line, with relatively low N deposition (Fig. 6 ). Due to the II scenario, the NO 3 concentration clearly decreased in 2030 compared to 1990.
Impacts of deposition and hydrology scenarios on plant species
The effects of calculated changes in pH, NO − 3 concentration and MSW in response to the four scenarios on the percentage target and competing species in grassland, heathland and deciduous forest ecosystem are shown in Table 8 . For all vegetation structure types, the BB scenario resulted in a strongly significant (p < 0.01) increase in the mean percentage of target species and in seminatural grasslands in a very strongly significant (p < 0.001) decrease in the mean percentage of competing species, thus implying a very strongly significant increase (p < 0.001) in the plant diversity indicator (the ratio target species to competing species). Note that in the BB scenario, the results for 2030 are comparable with 2010 (no changes in that period) and the improvements are thus due to deposition reduction and groundwater changes between 1990 and 2010. Compared to the BB scenario, the IB 2030 scenario, i.e. the deposition effect, did not lead to a significant effect on either target species or competing species except for heathland showing a significant (p < 0.05) increase in competing species (Table 8) . Compared to the BB scenario, the BI scenario, i.e. the hydrology effect, showed a very strongly significant (p < 0.001) increase in target species for all considered vegetation structure types. For heathland and deciduous forest, this coincided with a very strong significant increase in competing species. The increase in target species due to the hydrology scenario BI as compared to BB was largest for heathland (from 0.78 to 1.14%), followed by deciduous forest (from 3.0 to 3.53%) and grassland (4.14 to 4.27%).
The increase in competing species, that coincide with increasing target species, was highest for heathland (12 to 16%) and being larger than the increase in target species (from 0.8 to 1.2%). This might be an indication that plant diversity in heathland cannot be restored without additional restoration measures, such as grazing or sod cutting. However, the ratio target to competing species showed a very strongly significant (p < 0.001) increase (from 0.07 to 0.12), indicating a relative increase of target species. For deciduous forest, the increase in competing species (from 19 to 20%) was comparable to the increase in target species (from 3.0 to 3.6%), leaving the ratio target to competing species nearly unchanged for the BI scenario (no significant difference). Figure 7 shows that the largest areas with increase in target species occurred mainly in northwestern parts of the country, areas mainly covered by grassland (Fig. 7,  left) . For large part of these areas, this coincided with a decrease in competing species, indicating an improvement of target and red list plant species. The areas with an increase in competing species were mainly located in the northeastern part of the country and fragmented spots in the central and southeastern part of the country, which are mainly related to heathland, and occurring in a relatively large amount in this area. When focusing on the combined effect (Fig. 7, bottom) , it appeared that at most locations with increasing target species, the ratio target species to competing species was increasing.
Discussion

Validation
Our validation is limited to soil solution concentrations under forest on non-calcareous soils. For other vegetation structure types, additional data gathering on soil and soil solution would be required. Furthermore, the validation is partly biased because the same data set was used for the derivation of parts of the model parameters, e.g. soil solution concentrations were used for the derivation of cation exchange constants.
Validation on soil solution chemistry below forests yielded satisfactory results for pH, but the model tends to overestimate the NO 3 contractions in poor sandy soils and clay soils. Given the underestimation of NH 4 concentrations and the slight overestimation of the NO 3 concentrations in peat soils, N mineralisation might be underestimated or denitrification overestimated for peat soils. The overestimation of the NO 3 concentrations for sandy soils and clay soils might be due to an overestimation of mineralisation or an underestimation of denitrification. Especially, the overestimation of mineralisation in poor sandy soil requires attention, because these soils cover a large part of the forests in the Netherlands and vulnerable groundwater reservoirs. Moreover, the relatively small spread in modelled concentrations, especially for pH and NH 4 , indicates that the use of generic model parameters per soil type and/or vegetation structure types is over-simplified and more diversity in parameterisation of various soil types and/or vegetation structure types is needed. However, when aggregating the SMART2 results to a larger grid size, e.g. 5 × 5 km, the extent of overestimation is reduced significantly, as was shown by Kros et al. (2004) . Nevertheless, these deviations indicate that the parameterisation of the nitrogen dynamics in SMART2 needs improvements.
In conclusion, the application of the SMART2 model to the whole of the Netherlands, while only parameterised on a small number of monitored sites, yields inadequate results for NO 3 , although pH predictions seem reasonable. As was shown in Kros et al. (2002) , the performance of the SMART2 model could be improved strongly by model calibration at the appropriate spatial scale. Alternatively, a site-specific calibration at a national level could be considered, aiming at optimising spatially distributed model parameters (Reinds et al. 2008) . Another approach to improve the (de)nitrification and mineralisation parameters is to use the validation data for a Bayesian calibration (see e.g. Reinds et al. 2008) . However, one has to be aware that other factors which may contribute to the overestimation of the NO 3 concentrations, such as the role of forest filtering. Forest filtering of a larger continuous area of dense forests is generally low (Draaijers and Erisman 1993) . The SMART2 model, however, includes constant forest filtering factors that only depend on forest type, independent of the forested area, thus, overestimating the input of atmospheric deposition in relatively large forested areas (Kros et al. 2004 ).
Plant diversity indicator
It was shown that the percentage target species becomes higher over time when the mean spring groundwater level raises and the nitrogen deposition drops. This effect is visible for all vegetation types. The results of the BB scenario, indicating the changes between 1990 and 2010 since MSW and N deposition is kept constant between 2010 and 2030, indicate that the drop in N deposition in that period has led to a significant increase in target species. However, for the period 2010, the expected change in MSW is the main cause for an expected significant increase in target species. This is most likely mainly due to the expected small deposition reduction in that period (from 1600 mol N in 2010 to 1400 mol N for the IE scenario in 2030, see Table 3 ), and at these deposition levels, critical loads are still exceeded in relatively large parts of the Natura 2000 sites (PAS 2015) . This result is in line with earlier results indication for a difference (0.05 < p < 0.10) *a significant difference (0.01 < p < 0.05) **a strong significant difference (0.001 < p < 0.01) ***a very strong significant difference (p < 0.001) Fig. 7 (See legend on next page.) Kros et al. Ecological Processes (2016) 5:22 where the effect of limited nitrogen deposition decrease was also small, with effects only being visible at drastic N deposition reductions (Van Dobben et al. 2002; Wamelink et al. 2003) . It was then suggested that a drop in nitrogen deposition not automatically leads to a lower nitrogen availability in the soil and thus a higher plant diversity. Measures as removal of the excessive nitrogen in the system by vegetation management are then necessary, which is also supported by modelled increase in competing species.
An important aspect of the application of the plant diversity indicator is the transformation from calculated NO 3 concentrations in soil solution, as calculated in SMART2, towards nitrogen content per kilogram of soil as used in the plant diversity indicator (see Additional file 1 Eq. (72)). For this transformation, a generic soil moisture content (kg water/kg soil) and bulk density (kg m −3 ) was used. This approach introduces a relatively high uncertainty, since the actual soil moisture content during sampling, which was not measured, may deviate considerably from the used generic value. The used conversion from pH-H 2 O to the pH in soil solution is less subject to uncertainty, since the used relations are rather robust (R 2 > 0.8, Kros 1998). The competing species give unexpected results; they also increase for the scenarios. This may be caused by inclusion of exotic species in the competing species list. Though this seems logical, this can cause unexpected results. Some of the exotic species, especially tree species, were planted on purpose, e.g. for wood production. Our plant diversity indicator was partly designed to indicate unfavourable nutrient-rich situations. However, especially the planted trees will also flourish under nutrientpoor circumstances, e.g. Pinus sylvestris or Larix kaempferi. This is reflected in their abiotic ranges which also include nutrient-poor circumstances. This results in the presence of competing species under a lower nitrogen deposition and partly explains the presence of competing species even under nutrient-poor circumstances, as was found here. Moreover, species that become dominant under nutrient (nitrogen)-rich circumstances, and here defined as competing, often can also occur under nutrient-poor circumstances without becoming dominant. But they still can occur and are as such predicted to be present. We conclude that the list of target species may give a good indication of the plant diversity to be expected, but that the list of competing species and the used criteria need further reviewing.
Furthermore, there is growing evidence that in nearly all situations, both in freshwater and terrestrial ecosystems, N is not the limiting factor but the limitation by phosphorus (P) is as important and in most cases there is a synergistic effects of N and P enrichment (Elser et al. 2007; Wassen et al. 2005) . Moreover, species-rich grassland can persist under nitrogen-rich but P-limited conditions (Van Dobben et al. 2016) . This is a motivation for incorporating P in the plant diversity indicator. This, however, is not an easy task due to the nature of the availability of phosphorus and also due to the lack of suitable data. Finally, other site factors beyond pH, nutrient availability and groundwater level, may influence species richness. It has been found that also microclimate (air temperature and air humidity) influences heath succession (Mantilla-Contreras et al. 2011) . But these aspects are difficult to combine with a model that operates at a yearly time scale and a spatial resolution of 250 × 250 m.
Uncertainties
Model structure
The assessment of the uncertainty in SMART2 predictions due to input uncertainty and spatial variability in those data are addressed by Kros et al. (1999; 2002) . We restrict ourselves to a qualitative discussion of the consequences of crucial assumptions made in this model application. Uncertainties caused by model structure are due to model assumptions and simplifications because of insufficient knowledge, to limit data requirements and for operational reasons (e.g. application at a scale that requires model simplification). The lack of knowledge with respect to acidification and nutrient cycling models mainly concerns the dynamics of organic matter, N and Al Kros et al. 1993) . Especially the uncertainties in Al and N dynamics may seriously contribute to the uncertainty in the results of pH and NO 3 concentration. For example, SMART2 assumes that there is always equilibrium with secondary Al compounds. In reality, equilibrium is approached only in the subsoil, while under-saturation prevails in the topsoil. This equilibrium assumption will accelerate the depletion of secondary Al compounds and will lead to higher pH and Al concentrations in the top soil. The NO 3 concentration highly depends on the N mineralisation flux, which in turn depends on the age of the vegetation, vegetation management (e.g. sod cutting, mowing, grazing and tree harvesting), litterfall and N uptake. These (See figure on previous page.) Fig. 7 Predicted geographical distribution of the relative change in probability of occurrence of target (left) and competing (right) plant species typical for all considered ecosystems between 1990 and 2030 in response to the II scenario and the relative change in probability of occurrence in combination with the change in ratio in probability of occurrence of target (T) and competing species (C) (bottom). Values in brackets represent the number of grid cells within the corresponding class aspects have not yet been adequately incorporated in the model for all vegetation structure types. In addition, the effect of pH on modelled N mineralisation and N transformation processes have an inadequate experimental basis (see Additional file 1 Eq. (34)) and MSW (see Additional file 1 Eq. (33)). Our assumption that each vegetation structure type has a particular age strongly influences the model results, as it directly affects litterfall and N uptake. Furthermore, we assumed that the net biomass production was nil. This was based on the assumption that biomass return to the soil equals biomass production. This shortcoming has been captured by linking SMART2 to the succession model SUMO (Wamelink et al. 2009 ), but large scale application of SMART2 with SUMO is cumbersome.
Spatial resolution
Regarding the vertical spatial resolution, we considered the root zone (up to 1 m thick) as one homogeneous compartment. In validating the results, we used on purpose observations at greater depth, whereas plant species diversity is mainly affected by changes in the topsoil. To model topsoil concentrations, Bonten et al (2011) extended SMART2 to a multi-layer model, however, the regional applicability of this model is low. The spatial resolution of a 250 × 250 m grid is too coarse to model ecosystems which forms the topo-sequence within brook valleys, with potentially high nature conservation value. For an adequate modelling of site factors in wetlands and brook valleys, the geographical resolution thus needs to be improved, but the applicability at a national scale of such a modelling approach is low (see e.g. Van Ek et al. 2012 ).
Conclusions
The comparison of national scale pH observations in 1990 with model predictions was good for sandy soils and peat soils (median difference less than 0.2), but pH values were clearly underestimated (median difference of 0.5) for loess and clay soils. Agreements were relatively poor for the NO 3 and NH 4 concentrations (deviations larger than 50%). Except for loess soils, median NO 3 concentrations were overestimated, especially in poor sandy soils and clay soils.
Reductions in N and S deposition and an increase in groundwater level between 1990 and 2030 lead to a moderate increase in pH (a mean increase with 0.1 pH) and a strong decrease in NO 3 concentration (about 45% reduction). The strongest increase in pH is found for grassland (0.2 pH) and the highest decrease in NO 3 concentration is found for deciduous forest (49%).
Projected N deposition reductions in 2030 compared to 2010 (IB-BB scenario, i.e. 13%) caused relatively small reductions in NO 3 concentration (11%) and hardly any pH increase in 2030. An increase in groundwater level in 2030 as compared to 2010 (BI-BB scenario) resulted in a comparable decrease in NO 3 concentration (11%), and hardly any increase in pH. The highest decreases in mean NO 3 concentration between 2010 and 2030 due to deposition reductions were found for heathland (15%) and loess soils (30%). The highest decreases due to groundwater level increase were found for grassland (22%) and for peat soils (38%) and calcareous soils (20-27%).
Reductions in N and S deposition between 1990 and 2030 (in practice only changes between 1990 and 2010) resulted in a strongly significant (p < 0.01) increase in the mean percentage of target species for all considered vegetation structure types for the BB scenario. In seminatural grassland, there was, however, also a significant increase in competing species. Increase groundwater level (BI scenario) yields a very significant increase in target species, being relatively highest in heathland, followed by deciduous forest and grassland. Contrary, the deposition reduction between 2010 and 2030 (IB scenario) yields only very minor and non-significant changes. For heathland and deciduous forest, the increase in competing species coincides with a significant increase in competing species. For the II scenario, the largest areas with an increase in target species and the ratio target to competing species occurred in northwestern parts of the Netherlands, areas mainly covered by grassland.
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